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In contrast to widely used methods for studying the vulcanisation of rubbers, based on establishing the relationship between the kinetics and the change in parameters, which depend on the chemical processes occurring in the crosslinking of macromolecules, the method of differential scanning calorimetry (DSC) makes it possible to follow the process directly by measuring the accompanying heat effect.
According to published data, DSC is widely used in studying the reactions of low molecular weight bi-and polyfunctional compounds, leading to the formation of crosslinked polymer structures [1] [2] [3] , but the use of this method to study the vulcanisation of unsaturated rubbers has been described only in a small number of studies [4, 5] .
The use of DSC for quantitative measurements is based on the fact that the heat generated during heating of a specimen in a calorimeter, provided that its weight is constant in the course of the experiment, is a direct refl ection of the course of the reaction [6] . Experimental curves comprise the dependences of the heat fl ux, dH/ dt, on temperature or on time; the measured quantities are the heat fl ux (the heat generated in unit time, the ordinate of the DSC thermogram) and the amount of heat generated, ΔH.
The main assumption that is made when the DSC method is used is that the rate of the chemical reaction at any instant of time is directly proportional to the rate of heat generation:
where dα/dt is the rate of the reaction; dH/dt is the heat generated in unit time, or the heat fl ux; and ΔH 0 is the heat of the reaction, determined from the area of the peak between the DSC curve and the baseline.
The degree of transformation (the degree of crosslinking) at instant of time t is defi ned as the ratio of the heat generated by this instant to the total heat of the reaction:
The present work is devoted to an investigation of the possibility of using the DSC method to study the process of sulphur-accelerated vulcanisation of rubbers for the case of 1,4-cis-polyisoprene (SKI-3).
In the work, use was made of synthetic isoprene rubber SKI-3 with a content of 1,4-cis-units of 92-99% and M η ~ 1 x 10 6 ; the composition of the vulcanising group was as follows (per 100 parts rubber): 2 parts sulphur, 1 part N-cyclohexyl-2-benzthiazyl sulphenamide, 5 parts zinc oxide, and 1 part stearic acid. The mixing of the rubber with ingredients of the vulcanising group was carried out on a laboratory mill at room temperature. To study the process of vulcanisation, use was made of a DSM-2m differential scanning microcalorimeter. For calibration of temperature and heat fl ux, use was made of standard indium specimens (T m = 156.6°C, ΔH sp = 28.4419 J/g). The weight of the specimen investigated amounted to about 25 mg. In isothermal experiments, the specimen was heated to the selected temperature at a rate of 64 K/min. After this, the isotherm was recorded; the time of achievement of thermal stability was about 90 s. DSC isotherms were obtained at temperatures ranging from 140 to 170°C. Under non-isothermal conditions, specimens were heated at a rate of 2, 4, 8, or 16 K/min. Temperature dependences were obtained in the range 40-250°C. The baseline was established before each scan with the use of two empty containers and with the same heating rate. The reaction was considered complete when the DSC curve appeared on the baseline. The weight losses of specimens after experiments were insignifi cant -no more than 0.5% of the initial weight of the specimen. The amount of generated heat was determined from the area of the peak between the DSC curve and the baseline. The accuracy of determining the crosslinking temperatures was ±1 K, and the accuracy of determining the heat of crosslinking was ±5%.
The degree of crosslinking of specimens heated in the calorimeter was determined by means of equilibrium swelling in toluene.
Preliminary investigation showed that, when a mixture of SKD with a vulcanising group is heated at a prescribed rate or at constant temperature, an exothermic peak of crosslinking is recorded, whereas a monotonic curve is observed in the case of the heating of SKI without a vulcanising group in a calorimeter. Thermograms of specimens, obtained at different heating rates, are shown in Figure 1 . The vulcanisation stage begins after the temperature corresponding to completion of the induction period, T s , is reached, which is consistent with available concepts concerning the mechanism of vulcanisation [7] . As can be seen from Figure 1 , with increase in the scanning rate, the maximum of the crosslinking peak is displaced towards higher temperatures. On the basis of the thermograms obtained, the temperature of the start of crosslinking, T s , the temperature of the maximum crosslinking rate, T max , and also the heat effect of the reaction for different scanning rates were determined. The total heat of the reaction was calculated using a formula taking into account the heating rate of the specimen:
where β is the heating rate.
The temperature characteristics and the values of the specifi c heat of crosslinking at different scanning rates for SKI are presented in Table 1 . As can be seen, the observed heat of the reaction increases slightly with increasing heating rate. At a high heating rate (16 K/min) the specifi c heat of crosslinking decreases, which may be due to the thermal decomposition of formed bonds or to other secondary reactions contributing to the overall heat effect of the process. The shift in the temperature of the maximum of the crosslinking peak of the rubber towards higher temperatures with increase in the heating rate may be due to the infl uence of molecular mobility on the chemical process. In the case of heating at a low rate, states of the chains that are favourable for crosslinking to take place manage to be realised. In the case of heating at a high rate, the same state is achieved later, when the temperature reaches higher values.
Figure 1. Curves of heat generation during crosslinking of SKI-3, obtained with heating rates of 2 K/min (1), 4 K/min (2), 8 K/min (3), and 16 K/min (4)
From the run of the crosslinking curves of SKI under isothermal conditions at different temperatures (Figure 2) it can be seen that, the higher the temperature of isothermal crosslinking, the more rapidly crosslinking begins and its maximum rate is achieved.
The specifi c heats of crosslinking were determined from the area of the isotherm peaks ( Table 2) . As can be seen, the heat of crosslinking under isothermal conditions changes little with increasing temperature, but it remains lower than the maximum heat of nonisothermal crosslinking.
The degree of crosslinking that is achieved by instant of time t was defi ned as α = ΔH t /ΔH 0 . In calculations, the maximum heat of crosslinking of rubber under non-isothermal conditions at a heating rate of 4 K/min was used as ΔH 0 . Figure 3 presents kinetic curves of the vulcanisation of SKI under isothermal conditions at different temperatures. In all cases there is a sharp increase in the crosslinking rate at the end of the induction period. The induction period (the absence of recording of the heat effect) corresponds to melting and interaction of the components of the vulcanising group, which occur with a small overall heat effect. The quasi-stationary section of the kinetic curve corresponds to the period of crosslink formation between the macromolecules. On the basis of the kinetic curves, the maximum rates of the crosslinking reaction were determined, and also the effective activation energy of crosslinking of SKI with the selected vulcanising group. The values of the rates of the reaction V max at different temperatures are given in Table 2 .
On the basis of the data in [2] , a kinetic model of the crosslinking of rubber was constructed according to the results of measuring heat generation.
In the main period, crosslinking is described by a fi rst-order equation:
where k is the rate constant of the reaction.
With account taken of the temperature dependence of k, we obtain an expression for the rate of the reaction under isothermal conditions:
where A is a pre-exponential factor, E a is the activation energy of vulcanisation, R is the gas constant, equal to 8.314 J/(mol K), and T is the temperature, K.
The effective activation energy of the crosslinking process was determined from the Arrhenius relationship
and from the displacement of the temperature of the maximum of the crosslinking exotherm peak as a function of the heating rate β. For this, use was made of the expression [8] ln .
The value of the effective activation energy E a eff , determined from the maximum crosslinking rates of SKI at different temperatures (under isothermal conditions) (91 kJ/mol) is similar to the value calculated from the shift in the temperature of the maximum of the crosslinking peak at different heating rates (under non-isothermal conditions) (88 kJ/mol). It must be noted that the determined activation energy and the temperature coeffi cient of the reaction, (4) equal to 2, correspond to known published data for sulphur-accelerated vulcanisation [7] .
The fact that the heat generated as the specimens are heated up is determined by the formation of the network of crosslinks is confi rmed by data obtained in a study of the equilibrium swelling of specimens heated in the cell of a calorimeter for different times at the same temperature. Figure 4 presents the dependences of the degree of crosslinking (kinetic curves) for SKI (155°C) that were determined by the DSC method and by the equilibrium swelling method (in the latter case, the quantity 1/Q is determined, proportional to the degree of crosslinking). As can be seen from Figure 4 , the run of the crosslinking curves coincides.
Thus, the DSC method is a rapid and convenient method for investigating the entire process of sulphuraccelerated vulcanisation in the one experiment, including both the induction and the main period of the process. The kinetic parameters obtained (the values of the induction period, the vulcanisation rate in the main period, and the effective activation energy) are consistent with data available in the literature.
